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Fig. S1 (a-c) Energy difference between (b) trigonal R3 and trigonal P31c, and (c) trigonal R3
and monoclinic P2/n structures of NazMClg as a function of the volume of structures. The
values in (b-c) were divided into four groups based on M: 3d transition metals, group 3

elements, group 13 and 15 elements, and lanthanides.
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Fig. S2 Heat map of the reaction energy between NazMCls and cathode materials.
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Fig. S3 Na-ion migration pathway in NasCrCle (trigonal P31c) predicted by the BVSE method,
representing (a-b) the isosurface of Na-ion migration path (light blue), and NaCls and CrCle
octahedra (yellow and purple, respectively), (c) one-dimensional path between octahedral sites
(Oct.—Oct.), and three-dimensional path between octahedral sites via tetrahedral interstitial

sites (Oct.-Tet.-Oct.).
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Fig. S4 Na-ion migration pathway in NasErCls (monoclinic P2:/n) predicted by the BVSE
method, representing (a-c) the isosurface of Na-ion migration path (light blue), and NaCle
octahedra, NaCls prisms, and ErCle octahedra (yellow, orange, and cyan-green, respectively),
(d-g) migration paths between (d) octahedral and prism sites (Oct.—Prism), (e, f) octahedral and
prism sites via tetrahedral interstitial sites (Oct.—Tet.—Prism).
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Fig. S5 Na-ion migration pathway in NasGdCls (trigonal R3) predicted by the BVSE method,
representing (a-b) the isosurface of Na-ion migration path (light blue), and NaCls and GdCls
octahedra (yellow and magenta, respectively), (c) one-dimensional path between octahedral
sites (Oct.—Oct.), and three-dimensional path between octahedral sites via tetrahedral

interstitial sites (Oct.—Tet.—Oct.).
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Fig. S6 Na-ion MSD over a 100-ps window for (a) NazErCle and (b) NazGdCle at 1000 K
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Fig. S7 Na-ion MSD at 750-1000 K for (a) NasCrCls, (b) Na2sCrosZrosCls, (c)
Naz.sErosZrosCls, and (d) Naz2.sGdosZrosCls.



Table S1 Total energy differences among the crystal structures of the trigonal P31c (S.G # 163),
monoclinic P21/n (S.G # 14), and trigonal R3 (S.G # 148) for NazMCls.

AE (meV/atom)

NasMCls R3 - P21/n R3 - P3lc P21/n - P31c

(T148 - M14) (T148-T163) (M14-T163)
NasCrCls 12.7 13.7 -1.0
3d transition NasVClg 12.1 10.0 2.2
metal NasFeCls 11.4 9.3 2.1
NasTiCls 10.0 8.1 1.9
NasScClsg 5.8 3.2 2.7
Group 3 NasLuCls 1.4 -2.9 4.3
NasYClsg -1.7 -7.5 5.7
NasAlCls 12.0 12.2 -0.3
NaszGaCls 10.8 13.5 -2.7

Group 13
NasInClg 4.0 6.5 -2.6
NasTIClg 0.3 4.6 4.3
Group 15 Na3BiCls -6.2 -8.8 2.6
NazYbCle 0.8 -3.7 4.5
NasTmClg 0.2 -4.6 4.9
NagErC|e -04 -5.6 52
Na3HOC|e -1.1 -6.5 5.5
NasDyCls -1.8 1.5 5.7
NasThClg -2.5 -8.8 6.3
. Nas;GdClg 34 -10.1 6.8
Lanthanide

NasEuClg 4.3 -11.8 7.5
NasSmClg -5.6 -13.6 7.9
NasPmClg -6.6 -15.4 8.8
NasNdCle -8.0 -17.7 9.8
NasPrClsg -9.5 -20.5 11.0
NazCeClg -11.3 -23.7 12.4
NasLaCls -10.8 -23.4 12.5




Table S2. Volume of NasMCls for the trigonal P31c, monoclinic P2i/n, and trigonal R3
structures.

Volume (A3/atom)

NasMCle Trigonal P31c | Monoclinic P2:/n | Trigonal R3

(S.G # 163) (S.G # 14) (S.G # 148)
NasCrClg 23.76 21.87 22.92
3d transition Na;VCle 24.00 22.01 23.16
metal NasFeClsg 24.09 22.19 23.33
NasTiCls 24.31 22.49 23.66
NasScClg 24.94 23.16 24.37
Group 3 NasLuCle 25.73 24.04 25.23
NasYClg 26.22 24.63 25.76
NasAlIClsg 23.76 21.83 22.88
Group 13 NaszGaCls 24.11 22.25 23.33
NasInClg 25.34 23.66 24.80
NasTIClg 25.84 24 .38 25.51
Group 15 NasBiCls 26.88 25.39 26.48
NasYbCle 25.80 24.14 25.30
NasTmClg 25.90 24.25 2543
NasErCls 26.02 24.34 25.55
NaszHoClg 26.12 24.50 25.65
NasDyClg 26.19 24.62 25.75
NasThClg 26.36 24.73 25.88
Lanthanide NazGdClg 26.48 24.87 25.97
NasEuCls 26.58 25.04 26.15
NazSmCls 26.74 25.26 26.35
NazPmCle 26.91 25.39 26.48
NaszNdClg 27.10 25.61 26.65
NasPrCls 27.34 25.84 26.82
NasCeClg 27.60 26.11 27.04
NasLaCls 27.58 26.12 27.06




Table S3. Most stable phase of NasMCls among the trigonal P31c, monoclinic P21/n, and
trigonal R3 phases from the experimental structures of NasMCls, and total energy differences
(4E) between the stable phase of NasMCls and monoclinic C2/m or trigonal P3m1 based on
the experimental structures of LisMCle.

E'tot, LMC phase — Etot, stable phase
NaMCls Most stable .(meV/ atom) .
phase AE against AE against

C2/m P3m1

NasCrClg P31c 15.9 43.8

34 transition NasVCls P2:/n 16.6 39.1
metal NasFeCls P2:/n 16.0 38.8
NasTiClg P2i/n 14.4 34.7

NazScCls P2i/n 12.0 28.6

Group 3 NasLuClg P21/n 9.5 20.2
NasYClg R3 9.6 16.6

NasAlIClsg P31c 16.3 42.6

NasGaCls P31c 14.4 423

Group 13 =

NasInClg P31c 8.1 28.8

NasTIClg P31c 5.7 25.5

Group 15 NasBiCls R3 6.6 16.7
NasYbClg P2:/n 9.1 19.1

NasTmClg P2:/n 8.8 18.1

NasErClg R3 8.9 17.5

NasHoClg R3 9.3 17.1

NasDyCls R3 9.6 16.6

NasThClg R3 10.1 16.2

L anthanide NasGdClg R? 10.8 15.7
NasEuCls R3 11.3 15.1

NasSmClg R3 12.0 14.7

NasPmCle R3 12.7 14.2

NasNdClg R3 13.7 13.7

NasPrCls R3 14.8 13.2

NasCeClsg R3 16.2 12.6

NasLaCls R3 15.8 12.3




Table S4. Phase stability (energy above the convex hull, Ena) of NazMCls with the crystal
structures of P31c, P21/n, R3, C2/m, and P3m1, and corresponding decomposition phases.

Enun (meV/atom)
Trigo | Mono | Trigo | Mono | Trigo N
M NasMCls nal | clinic | nal | clinic | nal Most | Stability | Decomp. phases
P31c | P2¢/n | R3 | C2/m | P3ml | stable
(SG# | (SG# | (SG# | (SG# | (S.G# | phase
163) | 14) | 148) | 12) | 164)
= Meta-
NasCrCls 14 16 28 30 58 P31c Stable CrCl3, NaCl
3d N Meta-
transition asVClg 25 22 35 39 62 P24/n Stable VCls, NaCl
metal | NaFeCls | 29 27 39 43 66 | P2./n | Unstable | NaFeCls, NaCl
NasTiCls 28 26 36 41 61 P2:/n | Unstable TiCls, NaCl
NasScCls -2 -5 1 8 24 P21/n Stable NaScCly, NaCl
Group 3 NasLuClg -3 -7 -5 3 13 P21/n Stable NaLuCly, NaCl
NasYClg -3 -9 -11 -1 6 R3 Stable YCls, NaCl
= Meta-
NasAlCls 22 22 34 38 64 P31c Stable NaAlCly, NaCl
Group 13 | NasGaCls | 41 44 55 56 84 | P31c | Unstable | NaGaCls, NaCl
NasInClg -4 -2 2 4 25 P31c Stable InCl;, NaCl
NasTIClg -2 3 3 4 24 P31c Stable TICl3, NaCl
Group 15 | NazBiCls -1 -4 -10 -3 7 R3 Stable BiCls, NaCl
NasYbClg -6 -10 -9 -1 9 P21/n Stable YbCl3, NaCl
NasTmClg -1 -6 -6 3 12 P21/n Stable NaTmCl4, NaCl
NasErClg 3 -2 -3 6 15 R3 Stable ErCl;, NaCl
= Meta-
NazHoClg 8 3 1 11 18 R3 Stable HoCl;, NaCl
= Meta-
NagDyCIs 13 7 6 15 22 R3 Stable DyC13, NaCl
NasThCls | 15 9 6 17 23 R3 | Mel | NaThCly, NaCl
Stable ’
Lanthani = Meta-
de NazGdClg 25 19 15 26 31 R3 Stable GdCls, NaCl
NasEuCls | 34 27 22 34 38 R3 Meta- EuCl;, NaCl
Stable ’
NasSmClg 43 35 30 42 45 R3 Unstable SmCl;, NaCl
NasPmClg 52 43 36 49 50 R3 Unstable PmCl;, NaCl
NazNdClg 61 51 43 57 57 R3 Unstable NdCls, NaCl
NasPrClg 70 60 50 65 63 R3 Unstable PrCls, NaCl
NasCeClg 80 68 57 73 69 R3 Unstable CeCls, NaCl
NasLaClg 76 64 53 69 65 R3 Unstable LaCls, NaCl




Table SS. Crystal structure of MCls including space group, ICSD IDs, and MP-IDs.

M M '\(’:;;")” MCls zf;fg S;ztset;l 'fgf MP-1Ds Structure
Cr 61.5 CrCls R-3 trigonal 22081 | mp-567504
39' . v 64 VCl3 R-3 trigonal 38237 | mp-28117
transition
metal Fe 64.5 FeCl3 R-3 trigonal substitution from ScCl3
Ti 67 TiCls | P6_3/mcm hexagonal 26069 | mp-571143
Sc 74.5 ScCls R-3 trigonal 74517 | mp-23309
Group 3 Lu 86.1 LuCls C2/m monoclinic substitution from YCls
Y 90 YCIs C2/m monoclinic 15684 mp-27455
Al 53.5 AlCI: C2/m monoclinic 39566 mp-25469
Group 13 Ga 62 GaCls C2/m monoclinic 413455 | mp-30952
In 80 InCl3 C2/m monoclinic substitution from YCls
Tl 88.5 TICI3 C2/m monoclinic substitution from YCls
Group 15 | Bi 103 BiCls Pnma orthorhombic | 41179 mp-22908
Yb 86.8 YbCls C2/m monoclinic substitution from YCls
Tm 88 TmCls R-3c trigonal 35398 mp-28044
Er 89 ErCls Cmcm orthorhombic substitution from DyCl3
Ho 90.1 HoCls Cmcm orthorhombic substitution from DyCl3
Dy 91.2 DyCls Cmcm orthorhombic | 40064 mp-28448
Tb 923 TbCl; | P4 2/mnm tetragonal 63543 | mp-570232
Lanthani | Gd 935 GdCl3 P6_3/m hexagonal 15387 | mp-23265
de Eu 94.7 EuCls P6_3/m hexagonal 23148 | mp-569895
Sm 95.8 SmClI3 P6 _3/m hexagonal substitution from NdClI3
Pm 97 PmCls P6_3/m hexagonal substitution from NdCls
Nd 98.3 NdCls P6_3/m hexagonal 23147 mp-23183
Pr 99 PrCl3 P6 3/m hexagonal 65079 | mp-23211
Ce 101 CeCl3 P6_3/m hexagonal 31575 | mp-582011
La 103.2 LaCls P6_3/m hexagonal 31574 mp-22896




Table S6. Energy difference of MCl; compared to the compounds with the lowest energy
among 8 phases. For example, LuCls exhibits the lowest total energy for the C2/m structure
(YCls structure) among 8 phases, and the values show the total energy difference compared to
the energy of C2/m structure.

Eiot — Eior, lowest E (MeV/atom) Most
MCls R-3 R3¢ | P42M | Cpem | Poma | C2m | P63 pe 3, | Sl
(SeCls) | (TmCls) m)“éh) (DyCl) | (BiCly) | (YCL) (Tirgh) (NdCl;) | Phase
LuCl; 1 19 15 15 51 0 82 45 C2/m
InCl; 1 61 43 112 70 0 68 190 C2/m
TICl; 2 41 29 124 73 0 61 92 C2/m
FeCl; 0 76 59 94 42 1 40 179 R-3
YbCl; 1 17 14 3 40 0 82 29 C2/m
ErCls 20 29 28 0 37 18 100 17 Cmem
HoCl; 31 38 39 0 36 30 111 12 Cmem
SmCl; 107 97 105 14 40 104 181 0 P6 3/m
PmCl; 124 110 120 19 43 120 196 0 P6 3/m




Table S7. Phase equilibria and decomposition energy, Ep, for the reduction reaction of
NasMCls with Na metal.

NasMCle Phase equlﬂielz;ila with Na Ep (eV/atom)
Na;CrClg Cr, NaCl -0.633
Na3VCls V, NaCl -0.593
NazAlClg Al, NaCl -0.470
NasInClg NayIn, NaCl -0.658
Na;BiCls Nas3Bi, NaCl -0.820
NazScClsg Sc, NaCl -0.219
NasLuCl, Lu, NaCl -0.154
NasYCls Y, NaCl -0.155
Naz;TmClg Tm, NaCl -0.153
NazErCle Er, NaCl -0.153
Naz;HoClg Ho, NaCl -0.153
Na3;DyCls Dy, NaCl -0.154
Na3;TbClg Tb, NaCl -0.154
Na3GdCls Gd, NaCl -0.169




Table S8. Reduction and oxidation potentials of NazMCls with corresponding phase equilibria.

NasMClg Redu.ction Phase equilibria at' the Oxidgtion Phage equilibria at. the
potential (V) reduction potential potential (V) oxidation potential
Na;CrClg 2.09 Cr, NaCl 3.75 NaCls, CrCl;
Na3;VClg 2.11 VCl,, NaCl 2.82 VCls, NaCl
Na3AIClg 1.49 Al, NaCl 3.75 NaCls, NaAICl4
NasInCls 2.14 InCl,, NaCl 4.07 NaCls, InCls
Na3BiCle 2.24 Bi, NaCl 3.93 NaCls, BiCl;
Na3ScCls 0.75 ScsClg, NaCl 3.82 NaCls, ScCl;
Naz;LuCls 0.51 Lu, NaCl 3.85 NaCls, NaLuCly4
Na3;YClg 0.52 Y, NaCl 3.81 NaCls, YCI;
Na;TmClg 0.51 Tm, NaCl 3.86 NaCls;, NaTmCly4
NasErCle 0.51 Er, NaCl 3.84 NaCls, NaErCly
Naz;HoClg 0.51 Ho, NaCl 391 NaCls, NaHoCl4
Na3DyCls 0.51 Dy, NaCl 3.88 NaCls, NaDyCly
Na3;TbCle 0.51 Tb, NaCl 3.86 NaTbCly, NaCls
Na3;GdCls 0.59 Gd,Cl3, NaCl 3.77 NaGdCls, NaCls




Table S9. Volume, energy above the hull, Enu, and decomposition phases of Zr-substituted
NazxMixZrxCls (M= Cr, Er, and Gd; x=0, 0.25, 0.5, 0.75, and 1)

.. Volume Enun L
NazMixZrxCls X Composition (A¥/atom) | (meV/atom) Decomposition phases
0 Na3CrCls 23.76 14.5 NacCl, CrCls
0.25 Na2_75Cro_752r0_25C16 24.47 12.4
Na3_XCr1_erxCl6
0.50 Na2‘5Cr0,5Zr0,5CI6 25.29 7.3 NaCl, CI’C13, ZI'C14
0.75 Na2_25Cro_252r0_75C16 26.26 10.3
0 NasErCle 25.55 2.7 NaCl, ErCl;
0.25 Na2‘75Ero‘7szr0,25C16 24.59 -14
NajxErxZrClg
0.50 Na, sErg sZro sCls 24.84 -1.4 NaCl, ErCls, ZrCl4
0.75 Naz,stro,252r0,75Cl6 25.21 -6.3
0 Na3;GdCle 25.97 15.2 NaCl, GdCls
0.25 Nay 75Gdy.75Z1025Cle 26.20 15.4
NazxGdixZr<Clg
0.50 Nay5Gdo.5Zr0.5Cls 26.30 14.3 NaCl, GdCls, ZrCl4
0.75 Naz,szdo,zszrojka 26.37 4.8
NayZrCle NayZrCle 25.79 -21.4 NacCl, ZrCl4




Table S10. Reduction and oxidation potentials of Nax.sCrosZrosCls, NazsErosZrosCls,
Naz.5Gdo.5Zr0.5Cls, and NaxZrCls with corresponding phase equilibria.

Composition Reduction Phase equilibria at the Oxidation Phase equilibria at the

P potential (V) reduction potential potential (V) oxidation potential
Nay 5Cro.5ZrosClg 2.09 ZI‘C14, NaCl, Cr 3.75 NaCl3, ZI‘C14, CrCl;s
Naz_sEr0_5Zr0_5CI6 1.70 ZI‘C13, Na3ErC16, NaCl 3.75 Na3EI‘C15, NaCl3, ZI‘C]4
Naz,sGdo,SZI‘o,SClé 1.70 ZI’C13, NaGdCl4, NaCl 3.75

NaGdCls, NaCls, ZrCly

NayZrClg 1.51 ZrCl, NaCl 3.92 NaCls, ZrCly




Table S11. Volume and energy above the hull, Enun of Nas.xA1xBxCls (A= Cr, Er, and Gd; B=
Ti and Hf; x=0, 0.25, 0.5, 0.75, and 1)

< Composition Volume Enan Decomposition
p (A’/atom) (meV/atom) phases
0 Na3CrClg 23.76 14.5 NaCl, CrCl;
0.25 Na2‘75Cro‘75Ti0,25C16 24.19 17.6
Na3.XCI‘1.xTiXC16
0.50 NazsCroTiosCle 24.60 17.7 NaCl, CrCls,
T1C14
0.75 Na2_25Cro_25Tio_75C16 25.30 27.9
0 Naz;ErClg 25.55 2.7 NaCl, ErCl;
0.25 Nag,75Er0,75Ti0,25C16 24.26 4.6
Na3.XEI‘1.xTiXC16
0.50 Nay sErosTiosCls 2421 1.1 NaCl, ErCL,
T1C14
0.75 Nay 25Erg25Ti0.75Cle 24.14 11.5
0 Na3;GdCls 25.97 15.2 NaCl, GdCl;
0.25 Nay.75Gdo.75Ti0.25Cls 2591 23.9
Na3_de1_xTixC16
0.50 Nay sGdosTiosCls 25.67 29.9 NaCl, GdCl,,
T1C14
0.75 Naz,szdo,stio,75C16 25.33 25.6
0 Na3CrCls 23.76 14.5 NaCl, CrCl;
0.25 Nay.75Cro.7sHf0.25Clg 24.37 11.2
Na3_xCr1.foxC16
NaCl, CrCl
0.50 Nas sCro sHfo sCls 25.01 45 & H’fc1r4 >
0.75 Naz,zscro,stfojsCls 26.08 5.7
0 Naz;ErClg 25.55 2.7 NaCl, ErCl;
0.25 NazA75EroA75HfoA25C1(, 24.73 2.6
Na3.xEr1_foxC1(,
NacCl, ErCl
0.50 Nay sEro sHfo sCls 24.79 3.7 a H’fCL »
0.75 Naz,stro,stf0,75C16 25.10 -10.0
0 Na3;GdClg 25.97 15.2 NaCl, GdCl;
0.25 Nay.75Gdo.7sHf0.25Cl6 26.17 144
Na3.de1.foxC16
0.50 Na sGdo sHfy sCls 26.20 12.4 NaCl, GdCls,
HfCly
0.75 Nan5GdosHfo.75Clg 26.23 1.5




